Introduction
The operation of biological systems is challenged by various environmental factors that interfere with or interrupt biological processes (creating stress). Some heavy metals have important physiological roles, but high doses of these essential heavy metals or exposure to other heavy metals that lack physiological roles in organisms may create stress through interference with the function of enzymes or with the information-coding molecules (DNA or RNA) in cells. Some organisms are less susceptible to these effects than others, and this heavy metal tolerance has become an important example of core biological concepts such as adaptation and evolution. Heavy metal tolerance is also of interest because organisms can be tolerant to more than one stress: understanding this phenomenon (termed "co-tolerance" or "cross-tolerance") can provide insights into the mechanisms of tolerance and allow applications of this knowledge in solving environmental problems. Heavy metal tolerance also has vital practical and applied aspects, since human industry relies greatly on various metals (some of which are quite toxic) and these industries have resulted in pollution that can have severe impacts on the health of humans, other organisms, and entire ecosystems. Current studies explore the physiological mechanisms of heavy metal tolerance in many groups of organisms, investigate its underlying genetic basis, and use that knowledge to create genetically engineered organisms that may be useful to solve environmental problems caused by heavy metal pollution. and resistance. One way to tolerate an application of a heavy metal is avoidance (to not take it up). Another (resistance) is to absorb that metal but to possess mechanisms to either prevent it from affecting physiology or tie it up, sequester it in a safe compartment, or eliminate it rapidly. In some cases, the word "tolerance" is applied interchangeably to these phenomena, whereas the more specific term would be more accurate. An important aspect of heavy metals is their toxicity, and much effort has been expended in determining toxicological parameters such as Lethal Dose 50% (LD ) values for these metals. A useful (and searchable) online resource for toxicological information on metals is the Agency for Toxic Substances & Disease Registry, which links to sources that can provide LD and other information about specific heavy metals. Ibrahim, et al. 2006 provides information about heavy metal poisoning in humans and is a good resource for information about symptoms and treatment for some important heavy metal pollutants. Finally, heavy metal pollution is usually viewed as a stress that must be tolerated by organisms, but in some cases small amounts of heavy metal pollutants can have positive effects. Lefcort, et al. 2008 provides a recent example of this phenomenon (termed "hormesis") from a polluted freshwater system.
Agency for Toxic Substances & Disease Registry.
On this site, after performing a search for a specific metal and clicking on the substance name, one can scroll down to a link in the Toxicological and Health Professionals section called ToxGuide that provides a summary of toxicological information for that metal. In addition to discussing the imprecise meaning of the term "heavy metal," the author provides an overview of heavy metal toxicity and the effects of heavy metals on major cellular processes. Focusing on human health, this paper presents information on toxicity, symptoms, and treatment of heavy metals that are commonly involved in poisoning incidents. This paper provides a brief review of the concept of hormesis and presents experiments that investigate it from a freshwater system. Snails from a polluted site showed hormesis, although the mechanism for the effect was unknown.
Physiological Mechanisms
Some metals have important physiological roles in organisms and are therefore essential macro-or micronutrients, whereas others have no known physiological functions. In a broad sense, animals and plants have similar general strategies that can lead to heavy metal tolerance. For example, chelation, binding metals so that they are not available to interact with sensitive cellular processes, is a common strategy. Cobbett and Goldsbrough 2002 provides a summary of two important classes of metal-binding compounds, metallothioneins and phytochelatins, that have been widely studied in eukaryotic organisms. Although phytochelatins were once thought to be specific to plants and metallothioneins to animals, recent work has shown both present in eukaryotes. Another mechanism of tolerance involves sequestration: placing metals into compartments that spatially remove them from vital tissues or processes. Sinauer.
This authoritative treatment of mineral nutrition in plants discusses the role that macro-and micronutrients play in plant growth and metabolism. Heavy metals that are also considered as micronutrients are listed and discussed with respect to the roles they play in nutrition and the symptoms that arise from their deficiencies. The review examines mechanisms of heavy metal toxicity in fungi, including resistance and tolerance to metals brought about by biochemical and physiological processes at the cellular and extracellular levels. Significant interactions between heavy metals and mycorrhizal fungi and macrofungi are summarized, including environmental influences on metal toxicity toward fungi. An overview of how metals can increase or decrease activity of the immune system and thus modify effects of metals on an animal. The paper focuses on mercury as an example of these heavy metal effects. Heavy Metal Tolerance -Ecology -Oxford Bibliographies http://www.oxfordbibliographies.com/view/document/obo-97801998300... Study of copper tolerance in a widespread invasive marine bryozoan, Watersipora subtorquata, suggests that there is considerable potential for adaptation to copper, but this comes at a cost to growth in unpolluted environments. Anopheles gambiae were selected for cadmium, copper, and lead tolerance through chronic exposure of larvae to metals for three successive generations. Study confirms the mosquito's potential to develop tolerance to heavy metals, particularly copper, and that tolerance comes at a significant biological cost, which can adversely affect its ecological fitness. The paper reviews what is known about the genetic basis for molecular/cellular mechanisms that underlie the uptake and detoxification of heavy metals by plants.
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Bacteria may have genes that code for metal tolerance on the bacterial chromosome, but they also may have genes that code for metal tolerance on plasmids, small circular pieces of DNA that are inherited separately from the bacterial chromosome. Furthermore, as reviewed by Gogartin, et al. 2002 , bacteria may transfer plasmids or other genetic material between species and thus spread traits such as heavy metal resistance between relatively distantly related species. This horizontal gene transfer allows evolution of heavy metal tolerance in bacteria to differ from that of eukaryotes. A recent example, Nongkhlaw, et al. 2012, studies tolerance of uranium by a bacterium isolated from mine ores in India. In some cases, evolution of heavy metal tolerance can affect agricultural activities. A classic
Heavy Metal Tolerance -Ecology -Oxford Bibliographies http://www.oxfordbibliographies.com/view/document/obo-97801998300...
isolation, followed by further divergence, sets the foundation for the origin of new plant species. Since this early treatment, much research has been directed at examining intraspecific variation with respect to heavy metal tolerance, as reviewed by O'Dell and This review helped to establish metal tolerance in plants as a classic example of natural selection. It also emerged at a time when the effects of metal contamination (especially that originating from lead in gasoline) and revegetation of metal mining sites were generating public concern and attention from regulatory agencies. The authors estimate rates of evolution for heavy metal tolerance and other stressors, using data from past studies to examine trends and rates of microevolution in plants. Their analyses suggest that population differentiation in response to tolerance to metals such as Zn, Cu, and Pb may take from twenty to one thousand years. Tolerance to heavy metals did not confer co-tolerance to other abiotic stressors, but resulted in a tradeoff of reduced performance under drought. Additionally, tolerance to heavy metals resulted in co-resistance to insect herbivory, although the metal-induced co-resistance was not directly related to metal accumulation in plant tissue. The chapter reviews how adaptation to chemically harsh soil conditions, including heavy metal-enriched mine tailings and serpentine soils, can contribute to ecotypic differentiation and subsequent speciation. The discussion includes a useful summary of major trends in plant adaptation as demonstrated by examples of intraspecific variation found among serpentine-tolerant species.
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Heavy Metal Tolerance -Ecology -Oxford Bibliographies http://www.oxfordbibliographies.com/view/document/obo-97801998300... Cadmium poses a significant threat to human health. The paper demonstrates that a common, highly conserved cadmium detoxification mechanism, via ATP-binding cassette transporters after conjugation to glutathione, has been selected during the evolution from bacteria, including plants and yeast, to humans. This study uses genetic and physiological approaches to examine tolerance to heavy metals in a prawn and an isopod species. The two species differ with respect to diversity and tolerance, pointing to the need to examine more than one species when genetic diversity analyses are used to determine remediation success. The study documents the evolution of zinc and copper tolerance in earthworms over two generations and investigates the mechanisms underlying the increased resistance. This study shows that adaptation to mercury occurs rapidly in oligochaete worms, and the metal tolerance appears to be due to both phenotypic and genotypic mechanisms. Their findings suggest that developing resistance to heavy metals may be a common phenomenon in aquatic benthic invertebrates.
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Coevolutionary Relationships
Given the importance of metal tolerance as a selective factor in the environment, it is unsurprising that metal tolerance by one species may affect the metal tolerance of another. Coevolutionary studies have emphasized plants and species associated with them, particularly at the root/soil interface. Cetin, et al. 2012 explores how plant growth promoting bacteria and fungi often can increase plant metal tolerance and how these relationships may be important for phytoremediation applications. Schechter and Bruns 2008 suggests that coevolution between arbuscular mycorrhizal fungi (AMF) and plants may account for differences in community structure of mycorrhizae in serpentine and non-serpentine soils, and Hassan, et al. 2011 reports similar adaptation between plants and arbuscular mycorrhizal fungi in metal-polluted soils. In some cases, these coevolutionary relationships have practical applications: Adriaensen, et al. 2005 shows that a copper-adapted mycorrhizal fungus is able to protect pine trees from copper toxicity so that they can be grown on mine spoils. Some metal tolerant plants hyperaccumulate metals, and their high-metal tissues provide a food source for herbivores that can evolve tolerance of the metal. For example, some nickel hyperaccumulator plants host "high-nickel" insects that have relatively large amounts of Ni in their bodies. Boyd 2009 defines the term "high-nickel" insect and provides a review of the literature about these insects that presumably have evolved metal tolerance in order to be able to exploit hyperaccumulator plant tissues as a food source. The study shows that the Cu tolerant ectomycorrhizal fungus Suillus luteus is able to protect pine trees against Cu toxicity. The findings suggest that the Suillus-Pinus coevolutionary relationship with respect to metal tolerance might be useful for large-scale land reclamation efforts of metal-enriched industrial sites.
Heavy Metal Tolerance -Ecology -Oxford Bibliographies http://www.oxfordbibliographies.com/view/document/obo-97801998300... Provides an up-to-date survey of how bacteria and fungi associated with plant roots impact plant metal tolerance. Some of the relationships described presumably involve coevolution between plants and these root associates. The study finds a decreased diversity of native arbuscular mycorrhizal fungi in soils and Plantago major (plantain) roots harvested from metal-polluted habitats compared with soils and roots of unpolluted habitats. Furthermore, community structure was also modified by metal contamination, suggesting a close relationship between fungi and plants in distinct soils.
Hassan, Saad El
Schechter, Shannon P., and Thomas D. Bruns. 2008. Serpentine and non-serpentine ecotypes of Collinsia sparsiflora associate with distinct arbuscular mycorrhizal fungal assemblages. Molecular Ecology 17:3198-3210.
The authors examine AMF assemblages associated with serpentine and nonserpentine ecotypes of Collinsia sparsiflora and find that ecotypes are associated with distinct AMF assemblages: Acaulospora dominated plants from metal rich serpentine soils, and Glomus dominated plants from nonserpentine soils, suggesting possible coevolution of plants and fungi in relation to soil.
Ecological Aspects
The ability to tolerate heavy metals can provide organisms with ecological advantages. For example, environmental stresses such as those caused by heavy metals can modify competitive relationships. Areas contaminated by heavy metals often have a distinctive biota composed of heavy metal tolerant organisms, and many studies have compared organisms from polluted and non-polluted sites to explore the ecological consequences heavy metal pollution. For example, Kozlov, et al. 2009 provides wide-ranging coverage of the effects of point source pollution (often heavy metals) on terrestrial biotas. Pollution by metals is often associated with mining and smelting operations, and there are many cases of severe metal pollution that occurred from these activities prior to the advent of pollution controls. A classic case study from North America is described in detail by Wirth 2000, and many other examples can be found on other continents. But the reliance of industrial society on metals provides additional opportunities for metal pollution. Kabir, et al. 2012 provides a global overview of the industries responsible for heavy metal pollution and the metals most often released by these activities. Certain metals have specific additional pollution sources: a recent case is that of lead used in munitions that can be accidentally ingested by wildlife. Finkelstein, et al. 2012 reports that the apparent recovery of the California Condor, an iconic bird that scavenges carcasses and is one of the world's rarest, is being undermined by lead poisoning from ammunition used by hunters. Lead is also a good example of a heavy metal that has been widely spread by vehicles due to the use of lead in gasoline, creating roadside pollution that persists well after lead was banned as a gasoline additive. Kovarik 2005 gives a historical account of how early warnings of the toxicity of lead were ignored so that leaded gasoline became widely used and the long struggle that resulted in the eventual ban on its use. In addition to polluted sites, naturally occurring high levels of some heavy metals can be found in some areas. For example, serpentine soils are derived from ultramafic rocks that often have high levels of some heavy metals. These soils often have distinctive plant communities, and much has been written about the ecology of these sites, mostly from a botanical perspective. As an example of heavy metal pollution via use of munitions impacting recovery of an endangered species, this widely publicized article illustrates the difficult political decisions that can be created by heavy metal pollution (in this case, whether lead bullets should be replaced by those made from other metals).
Harrison, Susan P., and Nishanta Rajakaruna, eds. 2011. Serpentine: Evolution and ecology in a model system. Berkeley: Univ.
of California Press.
The nineteen chapters discuss how metal-enriched serpentine habitats have been used or can be used to address major questions in earth history, evolution, ecology, conservation, and restoration. In this fascinating historical account of the development, marketing and eventual ban of lead as a gasoline additive, the author describes how the deleterious effects of lead pollution were discounted or ignored because of profit motives. This book relies on data collected from eighteen polluted sites in six countries to generate information on the response of soils, plants, and animals to severe cases of pollution (often by heavy metals) and is a good introduction to the often severe impacts of pollution upon terrestrial communities. Highlighting a case involving international borders (Canada and the United States), this book illustrates the severe pollution caused by
heavy metal smelters before environmental regulations were created and the social and political conflicts that can arise from that pollution's effects on the environment. Some genes that encode resistance to stress factors, including some heavy metals, also provide resistance to antibiotics. An example involving resistance to mercury and subsequent interest in dental amalgams containing mercury is discussed. The authors discover several strains of bacteria tolerant to uranium but also co-tolerant to cadmium, cobalt, copper, and nickel from samples taken from mine wastes. The strains also produced chemicals that might be useful for mining or pollution remediation efforts in the future. This paper reviews the niches that hyperaccumulator plants can provide for Ni tolerant bacteria, including the rhizosphere (niche surrounding a plant root) and the newly explored endosphere (niche inside the tissues of a plant). In a pioneering investigation of the soil under hyperaccumulating plants, the authors find nickel resistant bacteria in soils that are enriched in nickel by hyperaccumulators.
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PLANTS
Some soils have naturally elevated levels of heavy metals, and plants that can tolerate those soils are generally termed metallophytes. Baker 1981 classified the ability of metallophytes to tolerate metals into two major strategies: accumulators and excluders. Accumulators concentrate metals in plant parts, whereas excluders keep shoot levels low over a wide range of soil metal concentrations. The International Society for Serpentine Ecology maintains an online database of information on metallophytes and is a good resource for information about these species. Some metallophytes, termed hyperaccumulators by Brooks, et al. 1977, take up A timely review clarifying the circumstances in which the term "hyperaccumulator" is appropriate, outlining the conditions to be met when the term is used. It summarizes the main considerations for establishing metal hyperaccumulation in plants and redefines some of the terminology, including thresholds for the hyperaccumulation of various metals.
ANIMALS
The impacts of heavy metal pollution on animals has been an important area of study at least since the 1960s, when increasing environmental awareness began to highlight the issue of pollution in general, and has resulted in many investigations of fauna of metal polluted sites. Results of these studies imply that heavy metal pollution has decreased biodiversity in polluted areas: Ficken and Byrne 2012 describes a recent case for frog species in Australia. Studies of metal polluted sites have described many cases of disruption of ecological relationships stemming from the toxic effects of heavy metals on members of terrestrial and freshwater communities. Lürling and Scheffer 2007 describes a relatively subtle way that some pollutants (including heavy metals) can disrupt ecological relationships among aquatic organisms: info-disruption. By interfering with animal sensory systems, metals can have important effects on organismal interactions at concentrations that are less than those used to define toxicity. Thus toxicity is not the only danger from pollutants such as heavy metals. Byzitter, et al. 2012 shows that low concentrations of two heavy metals in aquatic snails can impede memory formation, but only when the metals were applied in combination. As pointed out by Yang 1994, much toxicological literature has developed around studies that examine heavy metals singly: it is clear that more emphasis needs to be placed on determining effects of mixtures. An interesting connection between heavy metals and ecology is the potential use of heavy metals to indirectly study animal ecology. For example, Das, et al. 2000 shows that heavy metal concentrations of the tissues of marine top predators can be useful in describing their feeding niches.
Byzitter, Jovita, Ken Lukowiak, Vikram Karnik, and Sarah Dalesman. 2012. Acute combined exposure to heavy metals (Zn, Cd) blocks memory formation in a freshwater snail. Ecotoxicology 21:860-868.
Illustrating the importance of considering mixtures as well as studies of sublethal effects of metal pollutants, the authors show that memory formation is inhibited by metals only when a mixture of the two metals is applied. Studies of these marine top predators show that heavy metal levels in tissues of some populations can be used to infer both diet preferences and feeding locations. This information is helpful to management efforts for these species.
other cases of human-caused metal pollution. As reviewed by Sheoran, et al. 2010 , reclamation/revegetation of mines is a complex task, with metal-tolerant plants playing an important role by being able to colonize the often high metal substrates left behind. O'Dell and Bradshaw's first report of heavy metal tolerance in this grass species. Further research would show that the tolerance was due to a relatively small genetic difference and had evolved fairly rapidly, making this a classic example of plant evolution. This paper stresses the need to protect heavy metal tolerant plants because they and their genes provide the basis for reclamation/restoration of heavy metal-contaminated sites. The authors discuss six important questions about knowledge gaps, threats to metallophytes, their uses, and ethical issues raised by those uses.
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Heavy metal tolerant plants have important potential uses as a mechanism to remove metals from soils (phytoextraction). The soils may either be contaminated with the metals through pollution by human activity (phytoremediation) or have naturally elevated metal levels (phytomining): in either case, the plant material could be harvested to remove the metal from the site. In either case, but particularly for phytomining, harvested material could then be used to generate bioenergy and the metals recovered and put into the smelter stream or, if the recovery of the metal is not economically feasible, disposed of in a landfill. Chaney, et al. 2007 provides an overview of these uses of tolerant plants while a recent review by Tang, et al. 2012 reports that phytomining may be most economically feasible for nickel. The review provides an update with respect to heavy metal tolerance and accumulation mechanisms in plants, as well as the environmental and genetic factors affecting metal uptake. Possible strategies for developing novel genotypes with increased metal accumulation and tolerance to toxicity are also discussed. Heavy metal tolerant microbes are able to enhance the ability of plants to remediate contaminated soils. The review summarizes the use of arbuscular mycorrhizal fungi (AMF) in the promotion of phytoremediation processes by, for example, enhancing plant biomass in polluted soils and stimulating phosphorous nutrition under metal stress.
Phytoremediation of Organics Action Team.
This searchable database of information sources regarding phytoremediation is a useful resource for those interested in heavy metals as well as organic pollutants. The database is no longer being updated but currently is predicted to remain available online until at least 2015. Recent review covering the use of plants on contaminated sites. Proper selection of plant species can result in production of: (1) edible plants that have low metal levels (due to phytoexclusion), (2) plants that can limit the movement of metals into food chains
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